
Vol. 163, No. 3JOURNAL OF BACTERIOLOGY, Sept. 1985, p. 1021-1037
0021-9193/85/091021-17$02.00/0
Copyright © 1985, American Society for Microbiology

Genetic Structure of Populations of Legionella pneumophila
ROBERT K. SELANDER,l* ROGER M. McKINNEY,2 THOMAS S. WHITTAM,3 WILLIAM F. BIBB,2 DON J.

BRENNER,2 FREDERICK S. NOLTE,4 AND PATRICIA E. PATTISON'
Departments ofBiology' and Microbiology,4 University of Rochester, Rochester, New York 14627; Division ofBacterial

Diseases, Centers for Disease Control, Atlanta, Georgia 303332; and Department ofBiology, Pennsylvania State
University, University Park, Pennsylvania 168023

Received 5 January 1985/Accepted 22 June 1985

The genetic structure of populations of LegioneUa pneumophila was defined by an analysis of electrophoret-
icaily demonstrable allelic variation at structural genes encoding 22 enzymes in 292 isolates from clinical and
environmental sources. Nineteen of the loci were polymorphic, and 62 distinctive electrophoretic types (ETs),
representing multilocus genotypes, were identified. Principal coordinates and clustering analyses demonstrated
that isolates received as L. pneumophila were a heterogeneous array of genotypes that included two previously
undescribed species. For 50 ETs of L. pneumophila (strict sense), mean genetic diversity per locus was 0.312,
and diversity was equivalent in ETs represented by isolates recovered from clinical sources and those collected
from environmental sources. Cluster analysis revealed four major groups or lineages of ETs in L. pneumophila.
Genetic diversity among ETs of the same serotype was, on average, 93% of that in the total sample of ETs.
Isolates marked by particular patterns of reactivity to a panel of nine monoclonal antibodies were also
genetically heterogeneous, mean diversity within patterns being about 75% of the total. Both Pontiac fever and
the pneumonic form of legionellosis may be caused by isolates of the same ET. The genetic structure of L.
pneumophila is clonal, and many clones apparently are worldwide in distribution. The fact that L. pneumophila
is only 60% as variable as Escherichia coli raises the possibility that isolates recovered from clinical cases and
man-made environments are a restricted subset of all clones in the species as a whole.

Legionella pneumophila, a gram-negative bacterium iso-
lated, characterized, and described after an epidemic of
pneumonia at an American Legion Convention in Philadel-
phia in 1976 (1), is one of an increasing number of pheno-
typically similar species that have been identified or impli-
cated as etiological agents of Legionnaires disease and
Pontiac fever (36). L. pneumophila occurs widely in natural
freshwater habitats (13, 14) and has secondarily taken up
residence in air-conditioning cooling towers, water tanks,
and similar man-made aquatic habitats in hospitals, hotels,
and other buildings, where it forms reservoirs for human
infection (19, 54).
Although many aspects of the biology of L. pneumophila

have been studied (1, 55), virtually nothing is known of the
nature and extent of genetic variation and structure in
natural populations, apart from information provided by
serotyping and monoclonal antibody typing, comparisons of
small numbers of strains with respect to electrophoretic
profiles of soluble proteins (30) and ,-lactamases (32), and
limited surveys of plasmid contents (7, 24). Estimates of
overall genetic relatedness of strains from DNA hybridiza-
tion experiments have been used to define species limits
within the genus Legionella (2) but have not provided a basis
for the classification of strains within species. Consequently,
research on L. pneumophila has been conducted almost
entirely within the framework of a classification based on
serotyping (35).
We here report the results of an electrophoretic analysis of

protein polymorphism in L. pneumophila. From compari-
sons of the electrophoretic mobilities of enzymes encoded
by 22 structural genes, we have discovered that isolates
currently classified as L. pneumophila are a strongly heter-
ogeneous array of multilocus genotypes that includes two
undescribed cryptic species. The species L. pneumophila
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(strict sense) is highly polymorphic and clonal in population
structure, with certain cell lines having intercontinental if
not worldwide distributions. Serotypes and monoclonal an-
tibody reactivity patterns (MAPs) are shown to have little
relationship to the underlying genetic structure. Our analysis
provides a basic population genetic framework for studies of
phenotypic and other characters in L. pneumophila and a
high-resolution marker system for epidemiological and sys-
tematic research.

MATERIALS AND METHODS

Isolates. This study was based primarily on a sample of 170
isolates, from a wide variety of sources, received as L.
pneumophila (Table 1). Most isolates were obtained from
collections maintained by the Division of Bacterial Diseases,
Centers for Disease Control, Atlanta, Ga., but some isolates
were provided by the University of Rochester Medical
Center, Rochester, N.Y.

Additional material examined included (i) 100 isolates that
were collected at the Wadsworth Medical Center and several
other hospitals in Los Angeles, Calif., and had been classi-
fied as L. pneumophila and (ii) 22 isolates of L. pneumophila
collected in the course of an epidemiological investigation by
the Centers for Disease Control of a recent outbreak of
Pontiac fever in New York City.
Because of apparent confusion regarding the identity of

the Dallas 1E isolate, we note that the complete Centers for
Disease Control catalog designation for the culture we
examined is "DA-17-G2-C1 (DA1E)"; the designation for
Dallas 2E is "DA-4-G2-E2-F1-C3 (DA2E)."

Preparation of lysates for electrophoresis. Each isolate was
either grown overnight (at 35°C) in 100 ml of buffered yeast
extract broth, supplemented with 0.1% a-ketoglutarate, or
cultured for 3 to 4 days on four buffered charcoal-yeast
extract agar plates (17). Cells were harvested by centrifuga-
tion of broth cultures and by scraping from plate cultures,
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TABLE 1. Characteristics of 170 isolates of Legionella spp.
Species and ETa Isolate Location Sourceb Serotype MAPc

L. pneumophila
1

2
3
4
5
6
7
8
9

10
11
12
13
14

15
16
17

18

19
20
21

22

Davenport 1
Concord 4
Indianapolis 3
B1793-79
Binghamton 1
D5401
Vasteras 2
Gloucester 1
B360-80
Portland 2
Los Angeles 2
Orlando 1
Stockholm 1
Stockholm 2
Stockholm 3
Vasteras 1
Vasteras 3
HHE 2
Allentown 1
Bloomington 3
Nagasaki 1
Togus 2
Bellingham 1
Lancaster 1
Toronto 1
Pontiac 1
SK 267
SK 273
SK 304
Alameda 1
Berkeley 1
California 1
New London 1
SMH 4
SMH 7
Adelaide 2
Chamblee 1
Birmingham 1
Naples 1
Cambridge 4
OLDA
Tucson 1
Bloomington 1
Burlington 2
Albuquerque 1
Flint 1
Houston 1
RH 1
SMH 1
SMH 2
SMH 3
SMH 5
SMH 6
HHE 1
HHE 3
HHE 4
B1474-80
Darby 1
Philadelphia 5
Muenchen 1
Camperdown 1
Johannesburg 1
Johannesburg 2
Johannesburg 3
Johannesburg 4
Oxford 3
Anniston 1

U.S.A. (Iowa)
U.S.A. (Calif.)
U.S.A. (Ind.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
France
Sweden
U.S.A. (Mass.)
U.S.A. (N.Y.)
U.S.A. (Ore.)
U.S.A. (Calif.)
U.S.A. (Fla.)
Sweden
Sweden
Sweden
Sweden
Sweden
U.S.A. (N.Y.)
U.S.A. (Pa.)
U.S.A. (Ind.)
Japan
U.S.A. (Maine)
U.S.A. (Wash.)
U.S.A. (Pa.)
Canada
U.S.A. (Mich.)
U.S.A. (Mich.)
U.S.A. (Mich.)
U.S.A. (Mich.)
U.S.A. (Calif.)
U.S.A. (Calif.)
U.S.A. (Calif.)
U.S.A. (Conn.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
Australia
U.S.A. (Ga.)
U.S.A. (Ala.)
U.S.A. (Fla.)
England
U.S.A.
U.S.A. (Ariz.)
U.S.A. (Ind.)
U.S.A. (Vt.)
U.S.A. (N. Mex.)
U.S.A (Mich.)
U.S.A. (Tex.)
U.S.A. (Ohio)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (Pa.)
U.S.A. (Pa.)
Germany
Australia
South Africa
South Africa
South Africa
South Africa
England
U.S.A. (Ala.)

Continued on following page

C
C
C
C
C
E
C
C
C
C
C
C
C
C
C
C
E
E
C
E
C
C
C
C
C
E
E
E
E
C
C

C
C
C
C
C
C
C

C
C
E
C
C
C
C
E
C
C
C
C
C
E
E
E
C
C
C
C
C
E
E
E
E
E
C

1
1
1
2
2
1

4-5
1
4
1
1
1
1
1
1
1
1
4
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

NTd
4-5

14
14
6

2

12

4
12
12
12
12
12
12
12

9

9
6
6

12
10
8
8
8
8

12
9
9
8
7
7
10
9
9
12
4
4
4
4
4
9
9
3
6
9
9
9
9
9
4
9
9
9
3

12
12
6
3
4
3
3

J. BACTERIOL.



GENETIC STRUCTURE OF L. PNEUMOPHILA

TABLE 1-Continued
Species and ET Isolate Location Sourceb Serotype MAPc

Nagasaki 2
Osaka 1E
Osaka 2E
Lyon 1
San Francisco 1
San Francisco 9
Long Beach 3
Dallas ie
Philadelphia 1
Philadelphia 2
Philadelphia 3
Philadelphia 4
Portland 1
Frederick 1
Miami Beach 1
West Palm Beach 1
Kingston 1
B1543-79
UH 1
UPH 1
Burlington E3
Burlington 4
Tennyson 1
Bonn 1
D4999
D5006
D5050
D5671
D5811
Buffalo 1
Burlington 1
WBH 1
Adelaide 1
Rome 1E
Rome 2E
Lyon Cedex 1
Houston 3
Concord 3
Leiden 1E
Cambridge 2
West Haven 4
West Haven 2
West Haven 3
Leiden 2
Leiden 3
Stockholm 4
Stockholm 5
Winnipeg 1
Ottawa 6
Winnipeg 2
Ottawa 2
Berlin 1
Lyon 3
Togus 1
Togus 3
Atlanta 6
Macon 1
East Point 1
Burlington 5
Atlanta 1
Atlanta 2
York 1
SRP 20
SRP 22
SRP 23
SRP 26
SRP 32
Bloomington 2
684 (ATCC 33733)
687 (ATCC 33734)

Japan
Japan
Japan
France
U.S.A. (Calif.)
U.S.A. (Calif.)
U.S.A. (Calif.)
U.S.A. (Tex.)
U.S.A. (Pa.)
U.S.A. (Pa.)
U.S.A. (Pa.)
U.S.A. (Pa.)
U.S.A. (Ore.)
U.S.A. (Md.)
U.S.A. (Fla.)
U.S.A. (Fla.)
U.S.A. (N.Y.)
U.S.A. (N.Y.)
U.S.A. (Ohio)
U.S.A. (Ohio)
U.S.A. (Vt.)
U.S.A. (Vt.)
U.S.A. (Ind.)
Germany
France
France
France
France
France
U.S.A. (N.Y.)
U.S.A. (Vt.)
U.S.A. (Ind.)
Australia
Italy
Italy
France
U.S.A. (Tex.)
U.S.A. (Calif.)
Netherlands
England
U.S.A. (Conn.)
U.S.A. (Conn.)
U.S.A. (Conn.)
Netherlands
Netherlands
Sweden
Sweden
Canada
Canada
Canada
Canada
Germany
France
U.S.A. (Maine)
U.S.A. (Maine)
U.S.A. (Ga.)
U.S.A. (Ga.)
U.S.A. (Ga.)
U.S.A. (Vt.)
U.S.A. (Ga.)
U.S.A. (Ga.)
U.S.A. (Pa.)
U.S.A. (S.C.)
U.S.A. (S.C.)
U.S.A. (S.C.)
U.S.A. (S.C.)
U.S.A. (S.C.)
U.S.A. (Ind.)
UJ.S.A. (Pa.)
U.S.A. (Pa.)

Continued on following page

23

24

25

26
27
28
29

30
31

32

33

34
35
36
37
38
39
40

41

42

43
44

4
4

13
9
15
1
4
4
9
9
9
9

14
12
14
14

4
14

9
11
12
12
12
12
12
9
14
9
8

10
10
14
4

6
6
6
12

6
6

6
6

12
12
12

E
E
E
C
E
C
C
C
C
C
C
C
C
C
C
C
C
C
E
E

C
E
E
E
E
E
E
E
C
C
C
C
E
E
C
C

E
C
C
E
E
C
C
E
E
C
C
C
C
C
E
C
C
C
C
C

C
C
C
C

E
E
E
E
E
E
E

E

1
1
1
1
1
1
1
1
1
1
1
1
4
4
1
1
1
1
1
1
1
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

8 (4-5)
4-5
5
1
1
1
1
4
1
1

4-5
1
1
1
1
1
2
2
2
2

2
2
2
4
4
4
4
4
3
5
5
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TABLE 1-Continued
Species and ET' Isolate Location Sourceb Serotype MAPc

45 Pratt 2 U.S.A. (Kans.) E 5
46 Oxford 4 England E 4-5
47 Mt. St. Helens 6 U.S.A. (Wash.) E 4-5
48 Mt. St. Helens 2 U.S.A. (Wash.) E 1 4
49 Chicago 8 U.S.A. (Ill.) E 7
50 Mt. St. Helens 5 U.S.A. (Wash.) E 1 4

Species 1
51 Oak Ridge Y U.S.A. (Tenn.) 4-5
52 Indianapolis 1 U.S.A. (Ind.) C 1 9
53 Detroit 2 U.S.A. (Mich.) C 1 4

Dallas 1E U.S.A. (Tex.) E 5
Dallas 2E U.S.A. (Tex.) E 5

54 Los Angeles 1 U.S.A. (Calif.) C 4
F1735 U.S.A. (Calif.) C 4
F1769 U.S.A. (Calif.) C 4
F1681 U.S.A. (Calif.) E 4
F1694 U.S.A. (Calif.) E 4
F1700 U.S.A. (Calif.) E 4
F1706 U.S.A. (Calif.) E 4
F1708 U.S.A. (Calif.) E 1
F1738 U.S.A. (Calif.) E 1
F1740 U.S.A. (Calif.) E 1
F1742 U.S.A. (Calif.) E 1

55 Detroit 1 U.S.A. (Mich.) C 1 4
Detroit 3 U.S.A. (Mich.) C 1 4

56 BL-555 G4-E2-C1 U.S.A. (Ind.) E 4
57 BL-522 G2-E3-C3A U.S.A. (Ind.) E 4
58 San Francisco 3 U.S.A. (Calif.) E 4

San Francisco 6 U.S.A. (Calif.) E 4
San Francisco 8 U.S.A. (Calif.) E 4

59 Lansing 3 U.S.A. (Mich.) C NT

Species 2
60 U7W (ATCC 33736) U.S.A. (Pa.) E 5
61 MICU-B (ATCC 33735) U.S.A. (Pa.) E 5
62 U8W (ATCC 33737) U.S.A. (Pa.) E 5
a For further information, see Table 2.
b C Clinical; E, environmental.
C For further information, see Table 7. Only isolates of serogroup 1 are typeable.
d Not typeable.
Not to be confused with Dallas 1E (ET-53).

suspended in 2 ml of buffer (10 mM Tris, 1 mM EDTA, 0.5
mM NADP [pH 6.8]), and sonicated (Branson Sonifier Cell
Disrupter, model 200, with microtip) for 1 min, at 50% pulse,
with ice bath cooling. After centrifugation at 20,000 x g for
20 min at 4°C, the clear supernatant fluid (lysate) was stored
at -700C.

Electrophoresis and specific enzyme staining. Techniques of
horizontal starch gel electrophoresis and the demonstration
of specific enzyme activity were similar to those described
by Selander et al. (50) and Caugant et al. (8). The following
22 enzymes were assayed: isocitrate dehydrogenase, malate
dehydrogenase, leucine dehydrogenase, hydroxybutyrate
dehydrogenase, adenylate kinase, indophenol oxidase,
aconitase, peptidase-1, peptidase-2, leucine aminopeptidase,
esterase-2, glucose 6-phosphate dehydrogenase, unidentified
dehydrogenase, esterase-3, esterase-6, threonine dehydroge-
nase, lysine dehydrogenase, aspartic acid dehydrogenase,
esterase-5, alanine dehydrogenase, glutamate dehydroge-
nase, and glutamic oxaloacetic transaminase.
Leucine dehydrogenase, hydroxybutyrate dehydroge-

nase, indophenol oxidase, glutamic oxaloacetic trans-
aminase, threonine dehydrogenase, lysine dehydrogenase,
and aspartic acid dehydrogenase were electrophoresed in a
Poulik buffer system (gel buffer, pH 8.7; borate tray buffer,

pH 8.2), and for all other enzymes, except esterases, we
used a Tris citrate buffer system (pH 8.0).
We detected six esterases by using the a and ,B forms of

naphthyl acetate and propionate as substrates, but only four
esterases could be consistently scored for all isolates. Ester-
ase-2 was active only with the a substrates, whereas ester-
ase-5 catalyzed only a-naphthyl propionate; both enzymes
were electrophoresed in a Tris-EDTA-borate buffer system
(pH 8.0). Esterase-3, which was active with both 1 sub-
strates, and esterase-6, which was specific for ,3-naphthyl
acetate, were electrophoresed in a Tris hydrochloride buffer
system (gel buffer, pH 8.0; borate tray buffer, pH 8.2) or a
lithium hydroxide buffer system (gel buffer, pH 8.3; tray
buffer, pH 8.1).
The enzyme designated as unidentified dehydrogenase

was prominent on gels stained for phosphoglucose isomerase
and adenylate kinase and showed weaker activity on those
stained for alanine aminotransferase. We have not deter-
mined the physiological substrate(s) of this enzyme.

Leucine dehydrogenase showed strong activity with
valine and weak activity with isoleucine and methionine as
substrates. Alanine dehydrogenase showed weak activity
with asparagine and methionine. All amino acids used as
substrates were the L forms.

J. BACTERIOL.



GENETIC STRUCTURE OF L. PNEUMOPHILA 1025

For each enzyme, distinctive mobility variants were des-
ignated as electromorphs and numbered in order of decreas-
ing rate of anodal migration. Electromorphs of an enzyme
were equated with alleles at the corresponding structural
gene locus, and an absence of enzyme activity was attributed
to a null allele, designated as 0. Because virtually all isolates
showed activity for all 22 enzymes assayed, we presume that
the corresponding structural gene loci are located on the
chromosome rather than on plasmids.
Each isolate was characterized by its combination of

alleles at the 22 enzyme loci. Distinctive profiles of
electromorphs (Table 2), corresponding to unique multilocus
genotypes, were designated as electrophoretic types (ETs;
8).

Serotyping and monoclonal antibody typing. Serotyping
and monoclonal antibody typing were performed at the
Centers for Disease Control, the latter with a panel of nine
antisera prepared by McKinney et al. (34).

RESULTS
In the collection of 170 isolates received as L. pneumo-

phila, 19 of the 22 enzyme loci assayed were polymorphic for
alleles encoding electrophoretically detectable variants, and
3 loci (those for alanine dehydrogenase, glutamate dehydro-
genase, and glutamic oxaloacetic transaminase) were
monomorphic (Table 3). The average number of alleles per
locus was 4.3.
By comparing the electrophoretic enzyme profiles of iso-

lates typed for all 22 loci, we identified 62 distinctive allele
combinations or ETs. A list of isolates with their ET
designations and information on geographic locality, source,
serotype, and (for most of those of serogroup 1) MAP is
presented in Table 1. For each ET represented by two or
more isolates, the first-listed isolate was designated as a
reference strain.
A comparison of the electromorph profiles of the 62 ETs

(Table 2) revealed that the 27 isolates representing ETs 51
through 62 are genetically very different from all other
isolates received as L. pneumophila. To analyze this varia-
tion, we compared each ET with itself and with every other
one in turn and, for each comparison, tabulated the number
of loci at which dissimilar alleles occurred in the pair of ETs.
The relative frequency distribution of mismatches for the
total of 3,844 (= 62 x 62) comparisons is shown in Fig. 1.
Pairs of ETs differed, on average, at 9.08 loci. The inflation
of the observed variance (S2 = 17.49) in the number of
mismatches over that expected (a2 = 4.02) if the alleles
occurred randomly and independently in genotypes indi-
cated strong statistical associations between alleles in
multilocus combinations (60). Moreover, the bimodal char-
acter of the distribution of mismatches suggested that the
collection of 62 genotypes, representing the 170 isolates, is
composed of at least two distinct groups.
To further analyze genetic relatedness among ETs, we

calculated a matrix of pairwise weighted distance coeffi-
cients. The coefficient employed is the proportion of loci at
which paired ETs have dissimilar alleles, with the contribu-
tion of each mismatch to the coefficient being inversely
weighted by the genetic diversity (see below) at the locus in
question. For a mismatch at the ith locus (withj = 1 ..m
alleles), the weight is given by the following equation: wi =
j xN,/EIY x2j, where xij is the frequency of thejth allele at the

ith locus over all 62 ETs. In this manner, greater weight was
given to differences at less variable loci than to those at
highly polymorphic loci.
From the matrix of coefficients of weighted genetic dis-

tance, we performed a principal-coordinates analysis (52). A
plot of the 62 ETs along the first two coordinates (Fig. 2)
placed the multilocus combinations in three distinct groups.
A dendrogram produced by the average-linkage method of
clustering from the same matrix showed the same three
groups of ETs (Fig. 3). The isolates represented by ETs 1
through 50 are considered to be L. pneumophila, and each of
the two other groups is regarded as genetically distinctive
enough to warrant specific status. For purposes of reference,
we have designated the isolates assigned to ETs 51 through
59 as species 1 and the isolates assigned to ETs 60 through 62
as species 2.

L. pneumophila. (i) Single-locus variation. In L. pneumo-
phila, 17 enzymes were polymorphic and 5 were mono-
morphic. The average number of alleles per locus was 3.2
(Table 3). For the 143 isolates that were typed for all 22
enzymes, 50 distinctive ETs were identified (Table 2). Mean
genetic diversity (h) over all loci in the 50 ETs, calculated by
the unbiased method of Nei (39), was 0.312, with an
interlocus variance (s2) of 0.076 (Table 4). For a sample of n
ETs, hi = n(1 - 1, xY)I(n - 1). In this equation, 1 - Ij X2 is
an estimate of the probability that two ETs, chosen at
random, will have dissimilar alleles (i.e., a mismatch) at the
ith locus, and nl(n - 1) is a correction for bias in small
samples. Mean genetic diversity per locus (h = YI h,lL, where
L is the number of loci) is the probability of a mismatch
between ETs at the average locus.

Table 5 presents estimates of mean genetic diversity
among ETs assigned to the following three source groups: (i)
ETs represented only by isolates recovered from clinical
cases; (ii) ETs represented by isolates obtained only from
environmental sources; and (iii) ETs represented by isolates
recovered from both clinical and environmental sources.
(Except as noted, environmental sources of isolates were
man-made aquatic habitats.) Mean diversity was high in each
group, and for all but four of the loci, diversity within the
three source groups was closely similar to that for the total
sample of ETs. Diversity among ETs isolated from clinical
sources alone was virtually the same as that for the species
as a whole, and there is no evidence that clinical isolates are,
as a group, significantly less variable than those recovered
from environmental sources. The only locus with a large
proportion of diversity among the three source groups was
that for adenylate kinase, with a coefficient of genetic
differentiation among groups, GST, of 0.287, which may be
compared with a mean value for GST of 0.028 for the 22 loci.
(GST estimates the ratio of the probability of a mismatch at a
locus for two ETs chosen randomly from different groups to
the average probability of a mismatch in the pooled sample;
it is, therefore, a measure of the relative magnitude of
genetic differentiation among groups [38].) The coefficient
for adenylate kinase is large because of the exclusive occur-
rence of the 2 and 3 alleles of adenylate kinase and alleles in
the seven environmental isolates representing ETs 44
through 49 (Table 2).

(ii) Relationships among multilocus genotypes. The
dendrogram in Fig. 3 summarizes estimates of the genetic
relationships of the various ETs. At a genetic distance of
about 0.25, there are four groups or lineages of L. pneumo-
phila, each represented by a single ET or a cluster of ETs.
Most ETs belong to a large cluster bounded by ET-9 and
ET-39, which in turn is divided into several subgroups.
Because a variety of dendrograms can be generated with

different measures of genetic distance or methods of cluster-
ing (52), the dendrogram in Fig. 3 should be regarded as a
hypothesis rather than a definitive scheme of genetic rela-
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TABLE 3. Frequencies of alleles at 22 enzyme loci in ETs of
three Legionella species

Frequency of allelesb in:
Locus and

allelea L. pneumophila Species 1 Species 2
(n = 50) (n = 9) (n = 3)

IDH
3
1
2

MDH
4
3
1
6
2
5

LDH
2
1

3

HBD
1
2
3

ADK
1
3
2
5

4
IPO

3
2
1
4

ACO
3
2
1
5

4
PE1

3
1
6
2
4
7
5

PE2
5

3
1
2
4

LAP
2
5

3
1
4

ES2
9
8
6
3
4
2
5

7

0

1

0.86
0.08
0.06

0.80
0.16
0.02
0.02
0.00
0.00

0.88
0.12
0.00

1.00
0.00
0.00

0.88
0.10
0.02
0.00
0.00

0.80
0.16
0.04
0.00

0.58
0.40
0.02
0.00
0.00

0.40
0.40
0.16
0.02
0.02
0.00
0.00

0.88
0.08
0.02
0.02
0.00

0.36
0.28
0.26
0.10
0.00

0.34
0.22
0.16
0.14
0.08
0.02
0.02
0.02
0.00
0.00

0.00

0.00

1.00

0.00

0.00

0.00

0.00

0.11
0.89

0.89
0.00
0.11

0.11
0.89
0.00

0.00
0.89
0.00
0.11
0.00

0.89
0.00
0.00
0.11

0.00
0.00
0.00
1.00
0.00

0.11
0.33
0.00
0.00
0.00
0.11
0.44

1.00
0.00
0.00
0.00
0.00

0.89
0.00
0.11
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.89

0.00

0.00

1.00

1.00
0.00

0.00

0.00

0.00

0.00

1.00
0.00

0.00

0.00

0.00

1.00

0.00

0.00

0.00

0.67
0.33

1.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
1.00

0.00
0.00
0.00
0.00
0.00
0.00
1.00

0.00
0.00
0.00
0.00
1.00

0.00
0.00
0.00
0.00
1.00

0.00
0.00
0.00
0.00
0.67
0.00
0.33
0.00
0.00
0.00

Continued

TABLE 3-Continued
Frequency of allelesb in:

Locus and
allele' L. pneumophila Species 1 Species 2

(n = 50) (n = 9) (n = 3)
G6P

2 0.72 0.67 0.00
4 0.14 0.00 0.00
3 0.10 0.11 0.00
1 0.04 0.22 1.00

UDH
0 1.00 0.00 0.00
2 0.00 1.00 0.00
1 0.00 0.00 1.00

ES3
1 0.76 0.22 0.00
2 0.22 0.11 0.00
0 0.02 0.11 0.00
3 0.00 0.56 0.00
4 0.00 0.00 1.00

ES6
2 0.72 1.00 0.00
1 0.18 0.00 1.00
3 0.06 0.00 0.00
0 0.04 0.00 0.00

TDH
1 0.98 0.11 1.00
0 0.02 0.00 0.00
2 0.00 0.89 0.00

LYD
2 0.96 0.00 0.00
3 0.04 0.00 0.00
1 0.00 1.00 1.00

ASD
2 0.84 0.11 1.00
1 0.16 0.00 0.00
3 0.00 0.89 0.00

ES5
3 0.20 0.00 0.00
4 0.16 0.00 0.00
5 0.14 0.00 0.00
7 0.14 0.00 0.00
1 0.12 0.00 0.00
0 0.08 0.00 0.00
2 0.06 0.00 0.00
6 0.06 0.00 0.00
8 0.04 1.00 1.00

ALD
1 1.00 1.00 1.00

GLD
1 1.00 1.00 1.00

GOT
1 1.00 1.00 1.00

a For abbreviations, see Table 2, footnote b.
b Alleles are arranged in order of decreasing frequency in L. pneumophila.

Frequencies of alleles recorded in only one species are indicated by boldface
numbers.

tionships. For example, clustering by the same average-
linkage method used to construct the dendrogram in Fig. 3,
but from a matrix of coefficients of unweighted genetic
distance (proportion of mismatches, with each locus equally
weighted), did not affect the species trifurcation, but it
produced several changes within both L. pneumophila and
species 1, as follows. (i) The cluster shown in Fig. 3
composed of ET-1 through ET-8 lost ET-8 (Portland 2),
which joined cluster ET-14-ET-18. (ii) Cluster ET-19-ET-24
lost ET-19, which joined the large cluster ET-31-ET-39.
ET-43 also joined this cluster, which was otherwise un-
changed in composition. (iii) Cluster ET-44-ET-48 was

J. BACTERIOL.
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N = 3844

'4.-

U)

0 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17
Number of mismotches

FIG. 1. Distribution of number of enzyme loci at which unlike
alleles (mismatches) occurred in pairwise comparisons of 62 ETs of
Legionella spp.

joined by ET-30. Clusters ET-9-ET-13, ET-25-ET-28, and
ET-40-ET-42 and single lines ET-49 and ET-50 remained
unchanged.

In addition to these relatively minor changes in composi-
tion of the clusters, there were several differences between
the dendrograms in the pattern of branching in the genetic-
distance range of 0.10 to 0.25. However, one feature that
remained the same is the deep separation of the Davenport 1
family (ET-1-ET-7 or ET-8) and the ET-49 and ET-50 lines,
which occurs in the range 0.25 to 0.35 (Fig. 3).

In sum, our analysis revealed the following four major
divisions in L. pneumophila: (i) the Davenport 1 group
(ET-l-ET-8), (ii) ET-49, (iii) ET-50, and (iv) a complex of
clusters that includes most of the ETs. The large fourth
group is composed of relatively closely related multilocus
genotypes. Several subclusters are evident within this group,

C\j

0)
0L

-l1 _ -.l2 -.b u b

PC
FIG. 2. Distribution of 62 ETs of Legionella spp. on the first two

axes (PC1 and PC2) derived from a principal-coordinates analysis
based on a matrix of coefficients of weighted genetic distance (22
enzyme loci; see reference 52, p. 248-249). The open circle repre-

sents seven ETs.

.50 40 .30 .20 .10 0
Genetic distance

FIG. 3. Genetic relationships among 62 ETs of L. pneumophila
(ETs 1 through 50), species 1 (ETs 51 through 59), and species 2
(ETs 60 through 62). The dendrogram was generated by the average-
linkage method of clustering from a matrix of coefficients of
weighted genetic distance, based on 22 enzyme loci. ETs are
numbered sequentially from top to bottom in the order of their
listing in Table 1. ET assignments of some of the better-known
isolates are as follows: for L. pneumophila, Los Angeles 2 (ET-9),
Bellingham 1 (ET-14), Pontiac 1 (ET-17), OLDA (ET-21), San
Francisco 1 (ET-24), Philadelphia 1 and Burlington 4 (ET-25),
Leiden 1E (ET-31), Togus 1 and Burlington 5 (ET-40), and Bloom-
ington 2 (ET-43); for species 1, Dallas 1E (ET-53) and Los Angeles
1 (ET-54).

but as noted, their composition depends to some degree on
the measure of genetic distance employed.

(iii) Geographic distribution of multilocus genotypes. Of the
50 ETs, 13 (26%) are represented by isolates from two or
more geographic localities, and in seven cases (ETs 9, 17, 21,
23, 25, 29, and 31), the distribution is intercontinental (Table
1). For example, ET-21 (OLDA) has been recovered at 17
different localities in North America, Australia, South Af-
rica, continental Europe, and England. The type isolate of

VOL. 163, 1985
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TABLE 4. Genetic diversity at 22 enzyme loci in ETs of three Legionella species
Genetic diversity inb: Diversity statisticsc

Enzymea L. pneumophila Species 1 Species 2 Within species Total GST
(n = 50; (n = 9; (n = 3, (ih281 [0s056) (0.420 [0.0641) (0.330 [0.09)

0.312 [0.076]) 0.182 [0.051]) 0.061 [0.038])

IDH 0.256 0.000 0.000 0.206 0.464 0.556
MDH 0.341 0.222 0.000 0.307 0.493 0.378
LDH 0.216 0.222 0.000 0.206 0.207 0.003
HBD 0.000 0.222 0.000 0.032 0.309 0.896
ADK 0.220 0.222 0.667 0.242 0.457 0.471
IPO 0.340 0.222 0.000 0.306 0.310 0.014
ACO 0.513 0.000 0.000 0.414 0.664 0.377
PE1 0.667 0.750 0.000 0.647 0.729 0.113
PE2 0.223 0.000 0.000 0.180 0.267 0.326
LAP 0.729 0.222 0.000 0.620 0.725 0.145
ES2 0.799 0.222 0.667 0.709 0.850 0.166
G6P 0.460 0.556 0.000 0.451 0.515 0.123
UDH 0.000 0.000 0.000 0.000 0.332 1.000
ES3 0.381 0.694 0.000 0.408 0.545 0.251
ES6 0.453 0.000 0.000 0.365 0.439 0.169
TDH 0.040 0.222 0.000 0.065 0.256 0.748
LYD 0.078 0.000 0.000 0.063 0.368 0.828
ASD 0.274 0.222 0.000 0.253 0.423 0.401
ES5 0.883 0.000 0.000 0.712 0.877 0.188
ALD 0.000 0.000 0.000 0.000 0.000 0.000
GLD 0.000 0.000 0.000 0.000 0.000 0.000
GOT 0.000 0.000 0.000 0.000 0.000 0.000

a For abbreviations, see Table 2, footnote b.
b n, Number of ETs. Other numbers in parentheses are means, and numbers in brackets are variances.
c Within-species diversity is the mean of the diversities for the three species, weighted by sample size (n). Total diversity is calculated by the equation for n in

the text from the weighted mean allele frequencies for the entire sample of 62 ETs. GST is the coefficient of genetic differentiation between species (see the text).

the species, Philadelphia 1, is a common genotype (ET-25)
that has been isolated in eight states and in Germany and
France. Isolates from the first-recorded outbreak of Pontiac
fever, in Pontiac, Mich., in 1968 (Pontiac 1, SK 267, SK 273,
and SK 304), belong to ET-17 and are indistinguishable by
our technique from seven other isolates collected in Califor-
nia, Connecticut, New York, and Australia.

Undescribed species. (i) Species 1. Species 1, which was

represented by 24 isolates (Table 1) of nine multilocus
genotypes (ETs 51 through 59; Table 2), differs from L.
pneumophila in allele frequencies at 19 loci (Table 3). All
available isolates of species 1 can be distinguished from
those of L. pneumophila by possession of distinctive alleles
at seven loci (malate dehydrogenase, hydroxybutyrate de-
hydrogenase, aconitase, esterase-2, unidentified dehydroge-
nase, lysine dehydrogenase, and aspartic acid dehydroge-
nase), with the single exception of Oak Ridge Y (ET-51; see

below).
Mean genetic diversity for the ETs of species 1 was 0.182

(s2 = 0.051), which is only 58% of that recorded for L.
pneumophila (Table 4).

TABLE 5. Mean genetic diversity in groups of ETs of L.
pneumophila isolated from clinical, environmental, and both

clinical and environmental sources

No.of ~ Mean genetic

Source NEoTsof diversity
(variance)

Clinical 29 (39) 0.310 (0.089)
Environmental 13 (30) 0.327 (0.086)
Clinical and environmental 8 (73) 0.245 (0.087)
Total 50 (132) 0.313 (0.076)

a Number of isolates in parentheses.

ETs 53 through 58, which include isolates from Indiana,
Michigan, Texas, and California, are closely similar in
electromorph profile (Table 2; Fig. 3). ET-59, represented by
Lansing 3, is somewhat divergent from this group and is
further distinctive in being untypeable with the eight stan-
dard antisera currently available. ET-52, represented by
Indianapolis 1, is even more divergent, but the most atypical
isolate is Oak Ridge Y (ET-S1), which splits off from other
isolates of species 1 at a genetic distance level of 0.30. In
some respects, the Oak Ridge Y isolate (ET-S1) is interme-
diate between other representatives of species 1 and those of
L. pneumophila. It has the distinctive alleles of species 1 at
the loci for isocitrate dehydrogenase, aconitase, unknown
dehydrogenase, and lysine dehydrogenase but shares alleles
with L. pneumophila at the loci for aspartic acid dehydro-
genase and hydroxybutyrate dehydrogenase. In addition, it

TABLE 6. Mean genetic diversity (h) at 22 enzyme loci in ETs of
Legionella spp. classified by serogroup

Sample size (n), mean, and variance in:

Serogroup 3 Species L. pneumophila

n Mean Variance n Mean Variance

1 36 0.359 0.066 32 0.286 0.076
2 5 0.309 0.094 5 0.309 0.094
3 2 0.364 0.242 2 0.364 0.242
4 10 0.456 0.070 6 0.294 0.109
5 7 0.500 0.076 3 0.242 0.108
4-5 7 0.426 0.091 6 0.355 0.106

Diversitya
Within 0.380 0.058 0.286 0.070
GST 0.073 0.003 0.055 0.008
a Diversity statistics include single isolates of serogroups 7 and 8.

J. BACTERIOL.
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TABLE 7. Mean genetic diversity (h) in relation to MAP

MAP no. Reactivity patterna to antibody no. No. of ETs Mean genetic
1 2 3 4 5 6 7 8 9 diversity (variance)

1 + + + 1 0.000(0.000)
2 + + + + + 1 0.000 (0.000)
3 + + + + + 1 0.000 (0.000)
4 + + + + + + + 10 0.412 (0.058)
5 + + + + 0
6 + + + 7 0.240 (0.071)
7 + + + + + 1 0.000 (0.000)
8 + + + + 2 0.045 (0.045)
9 + + + + 10 0.292 (0.085)
10 + + + 3 0.061 (0.038)
11 + + + 1 0.000 (0.000)
12 + + 11 0.269 (0.092)
13 + + 1 0.000 (0.000)
14 + + + 4 0.295 (0.122)
15 + + + + + 1 0.000 (0.000)

Monoclonal antibodies prepared by McKinney et al. (34). +, Reactivity.
bFor genetic diversity within MAPs, the mean was 0.243 and the variance was 0.037. The total mean was 0.294, and total variance was 0.064.

has unique alleles at the loci for malate dehydrogenase,
leucine dehydrogenase, peptidase-1, and esterase-2.

(ii) Species 2. Species 2 is known only from three environ-
mental isolates, MICU-B, U7W, and U8W (ATCC 33735
through 33737), collected at the Pittsburgh Veterans Admin-
istration Medical Center and extensively studied by Garrity
et al. (16). Each isolate has a distinctive electromorph profile
(Table 2), but all three ETs are very closely related (Fig. 2
and 3); mean genetic diversity was only 0.061 (s2 = 0.038).
Isolates of species 2 are distinct from L. pneumophila and
from species 1 at nine loci, and they have unique alleles at
seven loci.

Genetic variation in relation to serotype. Our analysis
revealed several cases of variation in serotype among iso-
lates of the same ET. As is shown for L. pneumophila in
Table 1, ET-25 includes isolates of serogroups 1, 3, and 4;
ET-31 is represented by isolates of serogroups 1, 4-5, and 5;
ET-32 is represented by isolates of serogroups 1 and 4; and
ET-40 is represented by isolates of serogroups 2 and 4. In
species 1 (Table 1), ET-53 is represented by isolates of
serogroups 1 and 5, and ET-54 is represented by isolates of
serogroups 1 and 4. However, the serotype may be uniform
or nearly so in some ETs, as, for example, in ET-21, which

TABLE 8. Mean genetic diversity within groups of ETs
represented by isolates reacting with each of nine monoclonal

antibodies
Monoclonal Mean genetic
antibody No. of ETs diversity'

no. (variance)

1 51 0.295 (0.064)
2 32 0.252 (0.068)
3 5 0.318 (0.139)
4 38 0.297 (0.056)
5 26 0.326 (0.063)
6 20 0.344 (0.053)
7 11 0.388 (0.054)
8 13 0.364 (0.051)
9 16 0.315 (0.045)

a For genetic diversity within antibody categories, the mean was 0.309, and
variance was 0.054. For genetic diversity of the total sample, the mean was
0.311, and variance was 0.057.

is represented by 26 isolates of L. pneumophila from 17
localities, all but 1 of which are serogroup 1; the exception
(Oxford 3) was untypeable (Table 1).

Estimates of the extent of genetic variation among ETs of
the same serogroup are presented in Table 6, which is based
on serotypes of isolates belonging to 61 ETs (Table 1). For
the 6 ETs represented by isolates of two or three different
serogroups, each ET was assigned to two or three
serogroups, thus yielding a total sample size of 69.

AlI
LF.G/ONELLA

B 5,2
Cl
Dl

E 1,2
FlI
G 40

pneumophi/a H

J |~J
K I

L I
Species I M 3

N 32,1
0 5

.50 40 .30 .20 .10 0
Genetic distance

FIG. 4. Genetic relationships among 15 ETs of L. pneumophila
and species 1 represented by isolates from hospitals in the Los
Angeles region, Calif. Solid circles indicate ETs recovered at the
Wadswortb Medical Center. N, Number of isolates. For ETs B, E,
and N, the two numbers indicate isolates from the Wadsworth
Medical Center and other hospitals, respectively.
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Mean genetic diversity among ETs of the same serogroup
was, on average, 0.380, which is 93% (GST = 0.073) of that
in the total sample of 61 ETs. In comparison with the genetic
differences between species, for which GST = 0.330 (Table
4), the extent of differentiation among ETs of different
serogroups is small.
Mean genetic diversities for serogroups 4, 5, and 4-5 are

larger than average (Table 6) because ETs assigned to these
serogroups represent in about equal proportion L. pneumo-

phila and species 1 or, in the case of serogroup 5, all three
species. Hence, the genetic differences between the species
account for most of the increased diversity among ETs of
these serogroups. For serogroup 1, which is also represented
by ETs of two species (L. pneumophila and species 1), the
diversity is not severely inflated because most (87%) of the
ETs assigned to serogroup 1 are L. pneumophila. However,
in this case and even among ETs of L. pneumophila assigned
to a single serogroup (1, 2, or 3), there is considerable
genetic diversity (Table 6).
The average genetic diversity within serogroups of L.

pneumophila alone (Table 6) is 0.286, which is 95% of the
diversity within the species as a whole. Isolates of the same

serotype clearly are not homogeneous with regard to
multiocus genotype.

Genetic variation in relation to MAP. McKinney et al. (34)
prepared a panel of nine monoclonal antibodies to cell
surface antigens of Knoxville 1 (antibodies 1, 2, and 3) and
OLDA (antibodies 4 through 9), both of serogroup 1. These
antibodies react only with isolates of serogroup 1. Testing
130 serogroup 1 isolates of L. pneumophila, McKinney et al.
(34) identified 13 distinctive MAPs, and several additional
patterns have since been recorded. For purposes of analysis,
we have numerically designated the MAPs represented by
isolates analyzed in this paper according to the scheme
shown in Table 7.
There is considerable genetic diversity among ETs as-

signed to each of several MAPs for which sample size is
greater than five. On average, mean genetic diversity per
locus within MAPs is about 75% of that recorded in the total
sample of ETs. As is shown by this analysis and the
distribution of various MAPs among the ETs (Table 1), a

given MAP may occur in isolates having a large variety of
multilocus genotypes.

Table 8 shows estimates of mean genetic diversity per

locus within groups of ETs assigned to nine categories on the
basis of the reactions of their isolates to each of the antibod-
ies. Thus, for example, group 1 includes the 51 ETs repre-

sented by 1 or more isolates that gave a positive reaction in
tests with antibody 1. The total number of assignments was

212 ETs. As shown, the mean diversity among ETs within
single antibody categories (h = 0.309) is not significantly less
than that of the total sample of ETs (h = 0.311).

Genetic diversity within a local region. Phenotypic diver-
sity has often been detected among isolates of L. pneumo-

phila collected in individual hospitals, especially where there
has been an extended history of nosocomial infection. One
such institution is the Wadsworth Medical Center, in Los
Angeles, Calif. (19), from which we have obtained 90 clinical

and environmental isolates of Legionella spp. collected in
the period 1978 to 1984. For the 22 enzyme loci examined,
electrophoretic profiles indicate that 49 of the isolates are L.
pneumophila and 41 are species 1 (Fig. 4). The isolates were
serotyped as either serogroup 1 or 4, but serotyping does not
consistently distinguish either the species or the ETs within
species because of the following distribution of serogroups:
L. pneumophila isolates were 94% serogroup 1 and 6%

serogroup 4, and species 1 isolates were 32% serogroup 1
and 68% serogroup 4 (P. H. Edelstein, in prepara-
tion).
The six ETs of L. pneumophila from Wadsworth Hospital

fall into two major clusters, and the four ETs of species 1
also belong to two clusters (Fig. 4). For each of the two
species, most isolates are of a single ET. The electromorph
profiles of most of the Wadsworth isolates have not yet been
compared with the profiles identified in our larger study, but
we have determined that ET-N (reference isolate, F1700) is
ET-54 (reference isolate, Los Angeles 1; Tables 1 and 2).
Mean genetic diversity for the ETs of L. pneumophila

from Wadsworth Hospital was 0.173 (S2 = 0.074), or roughly
half that recorded for the species in our larger survey (Table
4). For the ETs of species 1, h = 0.177 (s2 = 0.079), which is
only a little less than the value (h = 0.182) recorded for the
nine ETs of species 1 listed in Table 2. Total mean diversity
over the 10 ETs of Legionella spp. from Wadsworth Hospi-
tal was h = 0.398 (s2 = 0.077).
Nine isolates of L. pneumophila and one isolate of species

1 from several other hospitals in the Los Angeles area were
also examined, five of which are of ETs not recovered from
Wadsworth Hospital. For the total of 11 ETs of L. pneumo-
phila from the Los Angeles region, h = 0.210 (s2 = 0.070),
and for the total of 15 ETs of L. pneumophila and species 1,
h = 0.365 (S2 = 0.063).

Species 1 is not to be confused with L. wadsworthii
(ATCC 33877), a very different form described from isolates
recovered from a pneumonia patient at the Wadsworth
Medical Center (10).

Pontiac fever isolates. We have analyzed variation in two
series of environmental isolates of L. pneumophila that have
been epidemiologically linked with outbreaks of the
nonpneumonic, self-limiting form of legionellosis. The first
of these two series includes Pontiac 1, which was isolated in
1977 from a frozen sample of water collected in 1968 in the
building in Pontiac, Mich., where the first-recorded outbreak
of the disease occurred (17), and SK 267, SK 273, and SK
304, which were recovered from frozen lung tissue of senti-
nel guinea pigs (27). All four isolates are serogroup 1 MAP 8
representatives of ET-17, an apparently common genotype
that also includes isolates recovered from clinical cases of
the pneumonic disease (Legionnaires disease) at six locali-
ties in California, New York, and Connecticut and in
Adelaide, Australia (Table 1). All of these isolates are
serogroup 1 but were variously typed as MAP 7, 8, 9, 10, or
12.
The second series consists of 22 isolates collected from

water by epidemiologists from the Centers for Disease
Control investigating an outbreak of Pontiac fever in a bank
in New York City in 1984. All of these isolates are ET-21
(OLDA) and were typed as serogroup 1 MAP 9. ET-21 is a
widespread genotype represented by both clinical and envi-
ronmental isolates from four continents and England (Table
1). All but one of the ET-21 isolates are serogroup 1 (the
exception was untypeable), but they have been variously
typed as MAP 3, 4, 6, 9, or 12.
ET-17 and ET-21 are related, differing, according to our

analysis, only at the highly polymorphic esterase-2, esterase-
5, and glucose 6-phosphate dehydrogenase loci (Table 2).

DISCUSSION
Estimates of genetic relatedness among isolates. Because

the multilocus electrophoretic technique attempts to deter-
mine overall genetic relatedness among isolates from exam-
ination of a small fraction of the structural gene loci of the
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genome, it is significant that estimates obtained for isolates
of Escherichia coli and Shigella spp. have been shown to
correlate (r = about 0.70) with comparable estimates for the
same isolates from DNA hybridization experiments (42).
More extensive data are now available for Legionella spp.,
and the correlation is even stronger (R. K. Selander, unpub-
lished data). Values of genetic similarity (1 - weighted
genetic distance) and the relative binding rate of DNA at
75°C with Philadelphia 1 as a reference are available for 33
isolates of L. pneumophila, species 1, and species 2, to-
gether with comparable values for the same isolates hybrid-
ized with Los Angeles 1 (species 1). For the combined data
(n = 66), Spearman's rank correlation coefficient, rs, is 0.827
(P < 0.001). Although the overall relationship is highly
significant, relatively little contribution is made by correla-
tion within species.
DNA hybridization has been widely applied in bacterial

taxonomy to assess overall genetic relatedness at the species
level, but it is of limited value in measuring relationships
among cell lines within species, owing to the large experi-
mental error involved, which is on the order of 10% (3).
Even replicate experiments in the same laboratory may yield
different estimates of nucleotide sequence similarity, and
values reported from different laboratories may be widely
discordant. For example, reported estimates of the relative
binding rate at 75°C for Flint 1 (ET-21) to Philadelphia 1
(ET-25) range from 71 to 82% (3-5, 33), and estimates of the
relative binding rate for Pontiac 1 (ET-17) with Philadelphia
1 as reference are variously reported as 74 (5), 79 (33), and
90% (21).

Relationships among species. When clustered from coeffi-
cients of genetic distance, L. pneumophila, species 1, and
species 2 are equidistant from one another, the tripartite
divergence occurring at a level of approximately 0.54 (Fig.
3). Our estimates of genetic relatedness are consistent with
those obtained in DNA hybridization experiments by D. J.
Brenner (unpublished data). Each species shows a relative
binding rate of about 50% at 75°C when it is hybridized to the
other two. Species 1 and 2 are being taxonomically described
by D. J. Brenner (unpublished data).
Inasmuch as Dallas 1E has been widely used in research as

a reference strain for serogroup 5 (11), a discrepancy regard-
ing its identity must be accounted for. Garrity et al. (16)
reported relative binding rates for Dallas 1E with Philadel-
phia 1 of 94 and 93% at 64 and 75C, respectively, and the
reciprocal experiment yielded values of 94 and 95% at 64 and
75°C, respectively. With L. pneumophila isolate 684 (ATCC
33733; ET-44) as reference, Dallas 1E showed relative bind-
ing rates of 77 and 69% at 64 and 75°C, respectively. In initial
tests, D. J. Brenner (unpublished data) also obtained high
relatedness values (85%) between Philadelphia 1 and Dallas
1E. However, using a culture derived from the original stock
culture, he obtained values for Dallas 1E with Philadelphia 1
that are much lower, i.e., 64 and 47% at 60 and 75°C,
respectively. Dallas 2E, which is genotypically identical to
Dallas 1E (ET-53), showed relative binding rates of 69 and
47% at 60 and 75°C, respectively, with Philadelphia 1 as
reference. For Detroit 2, which also is ET-53, the compara-
ble values were 65 and 45% at 60 and 75TC, respectively.
(Data for isolate 684 are not available from Brenner's labo-
ratory.)
Our results clearly agree with those of D. J. Brenner

(unpublished data) in identifying Dallas 1E as a typical
representative of species 1. Dallas 1E is closely related to
ET-54 (Los Angeles 1 and 10 other isolates from Los
Angeles), ET-55 (Detroit 1 and Detroit 3), and ET-56

(BL-555) (Fig. 3). Hybridized with three other members of
species 1 as references, i.e., Los Angeles 1 (ET-54), Lansing
3 (ET-59), and Indianapolis 1 (ET-52), Dallas 1E gave mean
values of 82.7% (range, 77 to 94%) at 64°C and 82.3% (range,
68 to 93%) at 75°C.
We conclude that both the DNA hybridization experi-

ments of Garrity et al. (16) and the initial experiments of
D. J. Brenner (unpublished data) were based on a strain
other than the original Dallas 1E.
DNA hybridization experiments by Garrity et al. (16) had

earlier indicated that the three isolates of species 2 (U7W,
U8W, and MICU-B) are distantly related to other isolates
classified as L. pneumophila. They were shown to have a
relative binding rate of 95 to 99% with one another, and
comparable experiments in which these three isolates were
compared with Philadelphia 1, as a reference, yielded only
64 to 67% relative annealing at 64°C and 35 to 42% relative
annealing at 75°C. Reciprocally, with U7W and U8W as
references, the comparable values for Philadelphia 1 were 59
and 63% at 64°C and 16 and 15% at 75°C. The estimates of
D. J. Brenner (unpublished data) of relative binding rate at
75°C for these three isolates with Philadelphia 1 are signifi-
cantly higher (mean, 54.7%; range, 41 to 63%) than those
reported by Garrity et al. (16; mean, 37.7%; range, 35 to
42%), but in any event, these estimates are sufficiently low to
justify specific distinction.

Notwithstanding the considerable genetic difference be-
tween isolates of species 2 and L. pneumophila, Garrity et
al. (16) reported that serotyping and tests of 10 phenotypic
characters failed to distinguish these isolates. These authors
concluded that U7W, U8W, and MICU-B "are probably
members of another species" but advised against making a
formal taxonomic change until "additional serological or
biochemical methods become available to differentiate these
strains from L. pneumophila" (16). Our analysis confirms
the genetic distinctness of these three isolates from L.
pneumophila.

Clonal population structure. Enzyme variants detected by
electrophoresis have been extensively used as chromosomal
genetic markers to measure genetic relatedness among
strains and to identify clones in studies of the genetic
structure of E. coli (8, 42, 60) and other bacteria (37, 48).
Because evolutionary convergence to the same multilocus
genotype is highly improbable (49), isolates of identical ET
are considered members of the same clone or cell line.
The repeated recovery of isolates of the same multilocus

genotype at many different localities and at different times
strongly suggests that the genetic structure of L. pneumo-
phila is clonal. Although laboratory experiments have shown
that L. pneumophila is capable of plasmid-mediated
recombinational exchange of chromosomal material (9), we
conclude that chromosomal recombination occurs very in-
frequently in natural populations. The recovery of seven of
the ETs on two or more continents further suggests that
many of the more common clones have achieved worldwide
distribution. Hence, it follows that for L. pneumophila there
must be a means of rapid dispersal over wide areas. Al-
though legionellosis apparently is not transmitted person to
person, the possibility that humans are agents of its dispersal
cannot be dismissed. An alternative hypothesis is that long-
distance dispersal is achieved primarily by wind transport,
and, significantly, legionellae have been found in rain water
samples collected in Pennsylvania (57) and Puerto Rico
(C. B. Fliermans, personal communication). Laboratory ex-
periments indicate that L. pneumophila can survive for
many months in tap water or distilled water (51).
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Further evidence of clonal structure is provided by the
grouping of ETs shown in Fig. 3, which reflects nonrandom
associations of alleles over loci. Strong linkage dis-
equilibrium among loci may be generated in species having
low rates of recombination as a result of the repeated loss of
variation caused by the stochastic extinction of lines during
episodes of periodic selection (also called nonspecific selec-
tion or inditect selection; 29, 31).
On the assumption that the electrophoretically demonstra-

ble enzyme variation observed in bacteria is selectively
neutral or nearly so (20), the considerable single-locus ge-
netic diversity in L. pneumophila indicates that the species
has maintained a large effective population size for a long
time. For neutral alleles, the amount of genetic variation
maintained in a species at equilibrium is a simple function of
the effective population size and the mutation rate (28).
Therefore, we can rule out the possibility that L. pneumo-
phila has recently evolved, a hypothesis entertained soon
after the bacterium was discovered in 1976, when it was
known only from clinical cases and man-made habitats (see
discussions by Starr [53] and Fliermans [13]). Because the
species is worldwide in distribution and apparently ubiqui-
tous in freshwater environments (14), we might have ex-
pected it to be at least as genetically diverse as E. coli.
However, our estimate of mean genetic diversity for L.
pneumophila (h = 0.313) is only 60% of the comparable
estimate (0.52) obtained for ETs of a diverse collection of
naturally occurring strains of E. coli (including Shigella spp.;
60). (Even when the ETs of species 1 and 2 are pooled with
those of L. pneumophila, forming a sample of 62 ETs,
diversity increases only to 0.413, or 79% of that for E. coli.)
This circumstance raises the question of whether isolates of
L. pneumophila recovered from clinical cases and man-made
environments are only a limited, nonrandom subset of all
genotypes existing in nature and perhaps represent a group
of clones especially adapted for man-made environments.
And the following observation suggests that this is indeed
the case. All three isolates from natural environments that
we have studied (MSH 2, MSH 5, and MSH 6, from springs
and a pond on Mt. St. Helens, Wash.) have unusual
multilocus genotypes. MSH 5 (ET-50) is, in fact, the most
divergent isolate of L. pneumophila examined (Fig. 3). MSH
2 (ET-48) and MSH 6 (ET-47) are somewhat less unusual,
but it may be significant that they fall within the 684 (ATCC
33733) clone family (ETs 44 through 48; Fig. 3), all other
members of which were recovered from man-made environ-
ments and are as yet unknown clinically.

Analysis of much larger samples of isolates will be re-
quired to determine if the apparent lesser genetic variability
of species 1 and 2, compared with that of L. pneumophila, is
real or an artifact of inadequate sampling of populations.
Perhaps both species 1 and 2 are abundant and highly
polymorphic in natural habitats but have relatively few
clones adapted for colonization of man-made environments.
Further work on the natural populations of all three species
is also needed to determine whether the species are, in fact,
as genetically discrete as the isolates from clinical and
man-made environmental sources indicate.
The paradox presented by the ubiquitous distribution of a

nutritionally fastidious organism in freshwater habitats has
recently been resolved by evidence that L. pneumophila
obtains nutrients through association with green algae and
cyanobacteria (46, 56) and is an intracellular parasite of
protozoans (12, 47, 58). Host specialization and other eco-
logical factors may also help account for the rich species
diversity of the genus Legionella (2). It would be especially

interesting to determine the relationships between clonal
diversity in L. pneumophila and the distribution and abun-
dance of the various microorganisms with which it is asso-
ciated.

Variation in serotype in relation to population structure. In
the virtual absence of information on the genetic relation-
ships of isolates, research on L. pneumophila has heretofore
been conducted within a framework provided by serotyping.
Although heterogeneity of antigenic types has been detected
by differential absorption and immunodiffusion of sera (7, 16,
62), only nine serogroups have been distinguished by con-
ventional serological methods, and most isolates are
serogroup 1 (35). Consequently, serotyping has been of
limited use in distinguishing clones in epidemiological, sys-
tematic, and population genetics research. Our data show
that serogroup 1 (and some other serogroups as well) occurs
in association with a large variety of multilocus genotypes.
The situation is similar to that in E. coli, in which genetic
diversity among isolates of a given 0 (lipopolysaccharide)
serogroup may be equivalent to that in the species as a whole
(43) and in which otherwise unrelated clones may have the
same O:K serotype (41). Moreover, serotyping does not
distinguish L. pneumophila from either species 1 or 2,
isolates of which have been variously serotyped as 1, 4, 4-5,
and 5. The problem is that serotypes reflect variation in an
unknown but probably small number of genetic loci en-
coding enzymes involved in the synthesis of antigenic moi-
eties, the chemical structures of which are not well under-
stood (15).

In sum, serotyping gives a grossly inaccurate picture of
the genetic structure within L. pneumophila and species 1
and of the overall degree of relatedness among isolates of the
three species we have studied. Indeed, it is precisely be-
cause isolates of species 1 are indistinguishable by conven-
tional serotyping from those of L. pneumophila that they
have in the past been mistakenly assigned to that species.

In the case of Legionella spp., as with E. coli and many
other bacteria, there has been an unfortunate tendency for
microbiologists to regard serogroups as genetically invari-
able units of population structure, when, in fact, they are
only character states of isolates. Our analysis provides
ample reason for discontinuing the practice of using serotype
as the sole or primary criterion for the classification of
strains.
These remarks should not be interpreted to mean that

serogroups are distributed randomly among multilocus gen-
otypes. Although only 36 (25%) of the 143 isolates of L.
pneumophila typed for 22 enzyme loci are of serogroups
other than 1, they represent 24 ETs (48%) of the total of 50
ETs recorded for the species. This fact indicates that genetic
variance in the species is partitioned to a significant degree
along lines of serotype. A second line of evidence of
nonrandomness in the distribution of serogroups is the
observation that isolates of ETs 40 through 47 and ET-49,
which are genotypically rather unusual, were assigned to
serogroups 2, 3, 4, 4-5, and 7 (ETs 48 and 50 are serogroup
1).
Our failure to examine isolates of serogroup 6 may have

caused us to underestimate genetic diversity in L. pneumo-
phila as a whole. Serogroup 6 isolates are not uncommon,
and some significant part of the total genetic variance in L.
pneumophila may be associated with them.

Variation in MAP in relation to population structure. On
the basis of whether or not reactivity was obtained with
antibody 2 of a panel of nine antibodies, McKinney et al. (34)
divided 130 serogroup 1 isolates of L. pneumophila into two
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subgroups, la and lb. Isolates that we have designated in
Table 7 as having MAPs 1, 2, 3, 6, 13, or 15 belong to
subgroup lb, and the other isolates for which MAPs are
available belong to subgroup la.
We have examined 12 of 13 strains listed by McKinney et

al. (34) as representatives of the two subgroups. One of the
isolates assigned to subgroup lb is D5401 (ET-4), which falls
in the Davenport 1 cluster (ETs 1 through 8; Fig. 3), and the
other 11 isolates are scattered through the large cluster
bounded by ET-9 (Los Angeles 2) and ET-30 (Concord 3).
Inasmuch as isolates assigned to each of the two subgroups
are distributed, without apparent pattern, throughout the
branches of the dendrogram containing serogroup 1 isolates
(see MAP designations of isolates in Table 1), it is obvious
that the classification by McKinney et al. (34) of MAPs bears
no particular relationship to the underlying genetic structure
of the species, apart from that associated with the distribu-
tion of serogroups. This conclusion is supported by the large
proportion of genetic diversity observed within individual
MAPs (Table 7).

Testing with a panel of 10 monoclonal antibodies, Watkins
and Tobin (59) found that 45 of 50 serogroup 1 isolates of L.
pneumophila could be placed in seven subgroups and that
each of the remaining 5 isolates had a distinctive reactivity
pattern. A similar degree of discrimination of isolates of
serogroups 4 and 5 was obtained with another panel of 12
monoclonal antibodies. It is noteworthy that Dallas 1E and
U7W, U8W, and MICU-B were placed together in a sub-
group distinct from subgroups containing isolates of L.
pneumophila. Division of 47 serogroup 1 isolates of L.
pneumophila into five reactivity patterns with a panel of
eight monoclonal antibodies made to Philadelphia 1 was
reported by Joly et al. (25).

Although monoclonal antibodies have thus far been of
little value in elucidating the genetic structure of Legionella
species, they have been usefully employed in epidemiologi-
cal research (45) and as a diagnostic tool (18).

Other studies of electrophoretic variation in proteins. Marre
et al. (32) studied variation in P-lactamase in six isolates of
L. pneumophila and in Dallas 1E and Dallas 2E, representing
each of the then-known six serogroups, by isoelectric focus-
ing. The enzymes of Philadelphia 1 (serogroup 1), Burlington
4 (serogroup 3), and JT (serogroup 6) were slow migrating;
those of Togus 1 (serogroup 2), Burlington 5 (serogroup 4),
and Marsh (serogroup 4) showed medium mobility; and the
two isolates from Dallas (serogroup 5) had fast-migrating
electromorphs. We have determined that Philadelphia 1 and
Burlington 4 are members of the same clone (ET-25), as are
Togus 1 and Burlington 5 (ET-40; Table 1). Moreover, Dallas
1E and Dallas 2E are members of the same clone (ET-53) of
species 1.
The sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis patterns of soluble protein extracts from a number
of isolates of L. pneumophila and several other Legionella
species were studied by Lema and Brown (30). Gels stained
with either Coomassie blue or silver showed variation among
isolates of L. pneumophila in the position and (with silver
strain) the color of several minor bands, and there was a
difference in banding pattern between Dallas 1E and Los
Angeles 1 (both members of species 1, i.e., ET-53 and
ET-54, respectively). Because the observed variation among
strains and species was not analyzed quantitatively, we
cannot relate the findings of Lema and Brown (30) to our
estimates of genetic relationships among the isolates and
species that we studied in common.

Disease syndromes in relation to genotype. Because the

coefficient of genetic differentiation among ETs from clinical
and environmental sources was small (GST = 0.028), it is
unlikely that these groups are genetically distinct. Consistent
with this conclusion is the observation that mean genetic
diversity among clinical isolates (h = 0.310) was similiar to
that among environmental isolates (h = 0.327). These find-
ings support the consensus opinion expressed in the litera-
ture that all strains of L. pneumophila and, indeed, most if
not all Legionella species are capable of causing disease in
humans. However, the relative frequencies of disease
caused by the various species other than L. pneumophila
have not been adequately determined (10, 61).
Our analysis has shown that organisms of the same

multilocus genotype may cause both the pneumonic and
nonpneumonic syndromes of legionellosis. The observation
that isolates implicated as etiological agents of Pontiac fever
in Michigan in 1968 and New York City in 1984 have similar
genotypes (ET-17 and ET-21, respectively) could be inter-
preted as circumstantial evidence for the existence of special
virulence factors in linkage disequilibrium with one or more
of the enzyme loci assayed, were it not for the fact that
ET-17 and ET-21 are among the more common clones of L.
pneumophila and, hence, have relatively high probabilities
of being associated with any outbreak of legionellosis. It is
relevant that L. feeleii, a species showing only 10% DNA
relatedness to L. pneumophila, has been strongly implicated
as the cause of a severe outbreak of Pontiac fever in
Windsor, Ontario, Canada (22).
Much further work with isolates known to have caused

Pontiac fever will be required to determine whether, apart
from their relative abundances, certain clones are more
likely than others to cause this disease. Meanwhile, the fact
that isolates of ET-17 are uniform in serogroup and MAP, as
well as in multilocus genotype, lends some support to the
hypothesis that the pneumonic and nonpneumonic forms of
legionellosis are caused by viable and nonviable cells, re-
spectively, of the same organism rather than by different
strains or different virulence factors (see discussion in refer-
ence 6). Using the guinea pig model of airborne legionellosis,
Huebner et al. (23) were unable to demonstrate a difference
in virulence between Philadelphia 1 and Pontiac 1, and Katz
and Matus (26) produced a Pontiac fever-like disease in
guinea pigs by oral inoculation with Philadelphia 1.

Concluding comment. The primary objective of our re-
search has been to define the genetic structure of L. pneu-
mophila and related species to provide a genetic framework
for analysis of the distribution and association of serogroups
and other characteristics of these bacteria. In the past 20
years, the multilocus enzyme technique has been used to
study variation and structure in hundreds of eukaryotic
species (40), but only recently have serious attempts been
made to apply this technique to bacteria. We trust that the
present study demonstrates that this familiar technique has
important contributions to make to the emerging field of
bacterial population genetics (20), as well as to the more
venerable areas of bacterial systematics and epidemi-
ology.
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